The novel approach for in situ preparation of polymer/TiO 2 composites via low-temperature in-matrix crystallization of sol-gel prepared titania was developed and successfully applied. Rigid aromatic polyimide (PI) and flexible poly(ether-urethane)acrylate (PEUA) were used as polymer matrices and the templates for titania crystallization. Structure and morphology of prepared hybrids have been characterized by WAXD, FTIR and SEM. Chemical interaction between functional groups of the polymers and reactive inorganic component were studied. It was found that the rigid PI is more perspective matrix (instead of flexible PEUA) for carrying out the low-temperature crystallization of TiO 2 . Developed crystallization technique allowed to decrease the temperature of TiO 2 crystallization from 350-500 o C to 250 o C (at atmosphere pressure) and to prepare functional crystalline TiO 2 -based polymer composites as perspective photoactive materials. Moreover, proposed approach gives also the possibility to obtain the polymer composites with enhanced compatibility between dispersed titania and continuous polymer phases.
Introduction
In recent years, inorganic and organic-inorganic TiO 2 -based composite materials take on special significance for science, technology and consumer applications [1] [2] [3] . Titania and titania-containing systems are widely used as highly efficient catalysts for degradation of organic contaminants [1] [2] [3] [4] [5] [6] , photovoltaics [1-3, 7, 8, 9] , absorbents, materials for medical uses and membrane-like materials [10] [11] , chemosensors [12] , high-refractive coatings and multipurpose optic materials [13] [14] [15] , and filler [16] [17] . Crystalline TiO 2 (anatase [1] [2] [3] [18] [19] or, rarely, rutile and brookite [5, 20] crystalline forms) is broadly used for preparation of high-performance materials. The properties (mainly photoactivity) of TiO 2 could be substantially improved by doping/implanting of ions [21] [22] , absorption of sensitizers [23] [24] , coprecipitation with other substances [25] [26] . Relatively new and perspective method titled as "surface organic modification" has been developed by Jiang and coauthors [27] in which surface of crystalline TiO 2 was treated by highly reactive isocyanate (nitrogen-containing) substance for photoactivity improvement.
Basic methods used for preparation of crystalline TiO 2 are economically and technologically incomprehensible. Actually, high pressure and/or high temperature conditions [4, 6, 28] , long time treatment [19, 29] and multistage processes [30, 31] seem to be not very attractive today. Especially, it became absolutely unusable when these approaches are applied for synthesis of organic-inorganic composite materials. In spite of development of several new simplified techniques, like hydrothermal [18, 32] , microwave [9] , ultrasonic [33] and other [34, 35] synthesis, the problem of in-situ preparation of polymer/nanocrystalline TiO 2 composites with enhanced photoactive properties is still actual.
Here, we have proposed the novel approach for in-situ preparation of polymer/nanocrystalline TiO 2 composites with in-matrix transformation of amorphous titania into nanocrystalline titanium dioxide with simultaneous "surface organic modification" by nitgogen-containing compounds [27] of active (TiO 2 ) component. As the polymer matrices and surface modifiers the rigid aromatic polyimide (PI) and flexible poly(ether-urethane)acrylate were used. Low-temperature (≤ 250 o C) treatment of prepared composites was performed for final in-matrix crystallization of TiO 2 . Intercomponent interactions, phase structure and morphology of the polymer composites were studied. The optimal conditions (temperature, type of polymer matrix) for TiO 2 crystallization were determined.
Results and discussion

Synthesis of polymer/TiO 2 composites
Synthetic route of PI/TiO 2 formation includes synthesis of aromatic PI and formation of hybrid composites. Formation of polymer composites ( Fig. 1) consists of several stages, namely (i) grafting of titanium tetraisopropoxide (TIP) onto polymer chains, (ii) crosslinking polyimide chains into organo-inorganic hybrid structures and (iii) hydrolysis of alkoxytitanate chains of polyimide/TIP systems, condensation, nucleation and aggregation into amorphous hydrated titania (TiO 2 •xH 2 O) dispersed in the polymer matrix.
Note, that chemical transformations summarized in Fig. 1 occurred simultaneously without any possibilities to separate the stages and intermediates. Proposed route of chemical interactions between TIP and functional groups of polyimide is proposed in full accordance with literature data [38] and proved using FTIR below.
During the synthesis of composites the insoluble fraction content (IFC) of initials and the products was determined. As it was found, solubility of the samples changes from fully soluble polyimide (insoluble fraction content, IFC < 0.1 %) to poorly soluble untreated PI/TiO 2 composite (IFC is ~ 89 %) (partially crosslinked composite) and insoluble treated PI/TiO 2 (IFC > 97.0 %) (crosslinked hybrid composites).
FTIR
FTIR investigation of polyimide, untreated and treated PI/TiO 2 composites was carried out and the spectra of these samples are presented in Fig. 2 . Base studies of chemical characterization of the composites were directed on interaction titanium dioxide with N-containing compounds (polymer matrices), because it is known that nitrogen-doped TiO2 has enhanced photoactivity compared to initial one. Furthermore, the analysis of chemical changes (redistribution of the intensities of extremely significant characteristic bonds of the hybrids) occurred during composites preparation has been performed and the results are summarized in Tab. 1. Initial polyimide (Fig. 2(a) , curve 1) is characterized by the presence of characteristic bands at 3444 and 3340 cm -1 , which are attributed to "free" and H-bonded NH stretching vibrations. For quantitative analysis, the relative integrated intensities of aforementioned bands (referred as I f-NH and I b-NH , correspondingly) and their ratio (I f-NH /I b-NH ) were determined using Gaussian peaks decomposition method. The I f-NH /I b-NH value of pure PI was found to be 0.37 that means a preferred participation of NH groups in hydrogen bonding in pure polymer. This value will be used as a reference one below. Fig. 2(a) , curve 2) is evidenced by appearance of several new peaks and some redistribution of existent ones that was connected with an introduction of new constituent. Actually, an appearance of new absorption band at ~ 3540 cm -1 was attributed to OH stretching vibrations of hydroxyls of titania. Moreover, a presence of titania could be also identified by an appearance of broad complex absorption band below 700 cm -1 (overlapping Ti-O and Ti-N).
Introduction of titania induces also the redistribution of intensities of bands in the spectral region of 3500-3300 cm -1 ("free" and H-bonded NH stretching vibrations) of polymer component. Moreover, it could be seen, that I f-NH value of the composite decreased, while I b-NH value increased. As a result, I f-NH /I b-NH ratio is drastically decreased comparing to I f-NH /I b-NH value of initial polyimide. Thus, a presence of new component substantially changes H-bonds network of the matrix because of influence of high concentration of OH groups on titania surface. In this way, a formation of new mixed-type intra-and inter-component H-bonds network of PI/TiO 2 hybrids occurs. The next step of our studies includes the evaluation of changes in chemical structure of PI/TiO 2 composites during their thermal treatment. FTIR spectra of untreated and thermally treated composite samples are presented in Fig. 2 (b) and quantitative spectral characteristics of the samples are also summarized in Tab. 1. As it could be seen the main changes were identified in spectral region of 3600-3300 cm -1 , whereas in the other spectral regions no significant changes were detected. Note, that thermally treated composites are characterized by the position of "free" and Hbonded NH stretching in the regions of 3468-3450 cm -1 and 3346-3329 cm -1 , respectively. Also, a some deviation of OH groups peak position in the region of 3534-3506 cm -1 was observed.
Analysis of changes of bands intensity in spectral region of 3600-3300 cm -1 (Tab. 1) is evidenced of reorganization the hydrogen bonding network with consecutive increasing "free" NH groups content (I f-NH /I b-NH ratio increased from 0.14 for untreated PI/TiO 2 to 1.01 for the sample treated at 250 o C) during thermal treatment of the composites. The basic reasons of such behavior are (i) dehydration of titania with increasing temperature and (ii) imidization process, which are reduce a density of Hbonds network. At that, dehydration starts at T < 200 o C, whereas at higher temperature both dehydration and imidization processes occur.
Thus, FTIR analysis of PI/TiO 2 hybrids has shown that synthesis of the composites is accompanied by corresponding chemical interactions between inorganic component and polymer matrix. The process includes grafting TIP onto polymer chains, hydrolysis of alkoxytitanate grafts and their aggregation into dispersed inorganic phase.
Also several words should be related to PEUA/TiO 2 hybrids. Detailed FTIR studies of these composites were carried out earlier [36] . At that time, FTIR analysis of thermally treated PEUA/TiO 2 composite is unable to give any useful information about intercomponent interactions because of thermally labile PEUA matrix. Actually, substantial degradation of PEUA was revealed during the treatment of PEUA/TiO 2 composites at temperature above 200 o C (weight loss of ~ 16 % for PEUA/TiO 2 composition was determined at 250 o C). However, clearly that as in the case of previously studied PI/TiO 2 systems thermal treatment of composite leads to improvement of chemical interactions between organic (polymer) and inorganic (TiO 2 ) phases and, respectively, modification of the last one.
WAXD
Phase characterization of the composites with an accent on crystallization of TiO 2 component was carried out by WAXD and the results are summarized in Fig. 3 and Tab. 2. 2 were calculated as ~ 100 and 51 % for both B5 and C2 samples, respectively. As a result, titania is fully crystallized in rigid polyimide matrix at the selected conditions (250 o C, atmosphere pressure), whereas poly(ether-urethane)acrylate matrix is not allowed to prepare fully crystalline TiO 2 . Thus, rigid polyimide matrix of PI/TiO 2 is more preferable for in-matrix crystallization of TiO 2 compared to flexible PEUA matrix. As we suppose, it should be only due to influence of higher internal tension of rigid polyimide on dispersed inorganic phase, whereas influence of flexible PEUA matrix is relatively weak, but, nevertheless, enough for preparation of partially crystallized titania component.
Some deviation of angular position of diffuse maximum, which is responsible for amorphous phase of polymer component, was also found. Treatment of the samples at low (100-140 o C) temperatures (B3 and B4) do not substantially changed the 2Θ position of this maximum, whereas increasing treatment temperature to 250 o C (B5 and C2) shifts the amorphous "galo" up to 2.7 o to low angles and constrict his width.
Additionally, WAXD experiments for both PI/TiO 2 and PEUA/TiO 2 compositions treated at 250 o C (Fig. 3) shown a presence of the signal at 2Θ ≈ 22 o , which is not previously described in literature and could not be clearly identified as the signal of TiO 2 crystalline form. As it was also seen from the literature this reflection is not related to any crystalline form of titanium dioxide (anatase, rutile or brookite). Both the polymer matrices are fully amorphous and unable to crystallize at any conditions. To answer this question and to determine the origin of this reflection the additional experiments should be done in future.
Analysis of the parameters of crystalline phase of the composites showed the definite dependence between an average crystallites size and a type of polymer matrix (Tab. 2). In other words, the rigid polyimide matrix of the composites suppress a formation of large TiO 2 crystallites, whereas flexible poly(ether-urethane)acrylate network does not prevent a formation of relatively large anatase TiO 2 . Actually, a main fraction of TiO 2 crystallites of treated PI/TiO 2 (B5) has mean crystallites size of 5.7 nm, whereas PEUA based composite (C2) has average crystallites sizes of 11.3 nm.
Interplanar distance values of TiO 2 crystallites of obtained composites were also calculated from the WAXD data (Tab. 2). As it could be seen the values are similar for both types of the polymer composites and do not depend from the type of the polymer matrix. Namely, TiO 2 crystalline phase of both treated PI/TiO 2 and PEUA/TiO 2 hybrid composites are characterized by interplanar distance values of 0.353 nm and 0.346 nm, respectively. In spite of definite influence of polymer matrix on the crystallites size, an interplanar distance of TiO 2 crystallites is not changed. This fact evidenced of similar mechanism of crystallization of titanium dioxide within selected polymers.
Degree of crystallinity of the prepared composites was also determined from WAXD diffractograms. It was found that thermal treatment at temperatures 200 o C and below no crystalline TiO 2 phase was determined. However, an increasing temperature to 250 o C leads to formation of anatase TiO 2 crystallites characterized by degree of crystallinity of 37 % (PEUA/TiO 2 ) and 82 % (PI/TiO 2 ). In other words, using polyimide as a polymer matrix allowed to prepare polymer/TiO 2 composite with surface modified active inorganic phase and improved TiO 2 crystallinity.
So, the results shown that thermal treatment of the hybrid composites transforms amorphous titania into anatase crystalline phase via elaborated low-temperature inmatrix crystallization. Also, some relationships between type of polymer matrix, treatment conditions and phase structure of the polymer/TiO 2 composites have been found and analyzed.
Morphology
Fractured surface topology studies of obtained composites and reference samples before and after corresponding treatment were carried out and the results could be seen in Fig. 4-6 . Morphology of as-prepared and aged TiO 2 , PI/TiO 2 and PEUA/TiO 2 composites was thoroughly analyzed. Two dimensional analyses of dispersed inorganic TiO 2 particles in polymer matrices of the composites has accompanied this study.
As it could be seen the as-prepared TiO 2 is a fine powder (Fig. 4(a) ) with typical particles size distribution of unstabilized sol-gel prepared titania. The particles are characterized by average particles size at about 140 nm. A presence of large TiO 2 particles of average particle sizes of 390 and 680 nm were also identified. Ageing for a long time (550 days) of as-prepared titania is not led to changes in phase structure of TiO 2 (see above), however particles size distribution is changed drastically (Fig.  4(b) ). Aged TiO 2 is characterized by very broad particles size distribution with average particles size in the range of 0.5 -5.2 μm. So, aggregation of initial titania particles into micrometer size ones without transformation of amorphous phase into crystalline was found for the aged titania. Morphology studies of PI/TiO 2 composites treated in wide temperature range were carried out and microphotographs are presented in Fig. 5 . First of all, the composites are characterized by broad particles size distribution, namely from 0.3 to 7.1 μm for B1 sample (untreated PI/TiO 2 ) (Fig. 5(a) ), from 0.3 to 4.6 μm for B2 composition treated at 100 o C (Fig. 5(b) ) and from 0.2 to 3.2 μm for B4 sample treated at 200 o C (Fig. 5(c) ). Unfortunately, the particles size distribution for B5 composite treated at 250 o C was not determined (Fig. 5(d) ) because of intensive thermally-induced changes (imidization and dehydration) resulted in substantial changes in morphology (smoothing interfacial region between inorganic and organic phases). C increases small particles content and, respectively, decreases large particles content probably due to dehydration process, that occurs with hydrated titania (TiO 2 •xH 2 O) at higher temperatures. Obviously, this temperature is top limit before starting the irreversible changes in phase structure of the composites. It is seen in Fig. 5(d) Thorough morphological analysis of PEUA/TiO 2 composites was done in earlier work [36] , however the changes under thermal treatment of these compositions were not studied yet. In few words, the initial PEUA/TiO 2 ( Fig. 6(a) ) is a typical microcomposite with continuous polymer matrix and dispersed spherical shaped inorganic TiO 2 component. Particles size distribution of inorganic phase is quite broad (titania particles sizes in the range of 0.3-2.9 μm were determined). An appearance of microcracks on a surface of the matrix of the composite is due to internal stresses, when micrometer sized titania particles form via aggregation of smaller particles. Thermal treatment (250 o C) of PEUA/TiO 2 hybrid changes the morphology of the sample in the similar way as it was shown for PI/TiO 2 composition. However, in spite of the polyimide, the thermally labile PEUA matrix undergoes irreversible changes, like an appearance of irregular porosity and changes in chemical structure due to thermooxidative degradation (weight loss of 16 % was detected for C2 composite). 
Conclusions
In summary, the hybrid polymer/TiO 2 composites were prepared by in-situ technique. A novel method of low temperature in-matrix crystallization of titanium dioxide was elaborated and successfully applied. The influence of the type of polymer matrix on crystallization of dispersed TiO 2 phase was clearly evaluated. Rigid polymer matrix (polyimide) was found to be more efficient for in-matrix crystallization of TiO 2 component compared to flexible poly(ether-urethane)acrylate matrix. Using highperformance in-matrix crystallization method is allowed to decrease a temperature of crystallization TiO 2 from 350-500 o C ("calcinations" process) to 250 o C at atmosphere pressure. Moreover, the treatment also provides the improvement of compatibility between inorganic (TiO 2 ) phase and the polymers resulted in smoothing interfacial region due to reducing phase separation processes.
Experimental
Materials
Bis(4-maleimidediphenyl)methane, MDM (95 %, Aldrich Chemicals), 4,4'-diaminodiphenylmethane, DDM (97 %, Aldrich Chemicals) and hydroquinone (99 %, Sigma-Aldrich) were used as received. Titanium (IV) isopropoxide, TIP (97 %, Aldrich Chemicals), N,N'-dimethylformamide, DMF (99 %, Sigma) and 1,4-dioxane (99.0 %, Sigma-Aldrich) were purified by distillation under reduced pressure.
Synthesis of polyimide
Synthesis of polyimide was carried out in concentrated (40 % by weight) DMF solution. For the typical preparation both MDM and DDM monomers were dissolved in DMF at molar ratio of 4/3 and the condensation process was realized by heating the mixture at 100 o C for 6 h at continuous stirring. Prepared polyimide solution was formed and used for preparation of composites. Poly(ether-urethane)acrylate (PEUA)/TiO 2 hybrid composites were obtained by photo-curing oligo(ether-urethane)acrylate, acrylic acid and methyl methacrylate into polymer network followed by swelling in TIP solution in organic medium. Detailed description of all synthetic procedures was presented in our previous work [36] .
Preparation of polymer/TiO
It should be noted, that TiO 2 content in both PI/TiO 2 and PEUA/TiO 2 composite samples was ~ 30 wt%. Besides that, pure titanium dioxide samples, which were prepared by typical hydrolysis of TIP, before and after long-term ageing at ambient conditions were also prepared and taken as reference samples.
Low-temperature in-matrix crystallization of TiO 2
PI/TiO 2 and PEUA/TiO 2 composites were treated at relatively low temperature to initiate in-matrix crystallization of titania component. The composites were placed in electric oven and the treatment conditions were experimentally determined. The treatment time was chosen as 1 h at varying treatment temperature from 100 to 250 o C. Comparative analysis of untreated and treated composites as well as reference samples was performed.
Characterization
Estimation of insoluble fraction content of composites was carried out by Soxhlet extraction using DMF as a solvent. The extraction was carried out for 16 h followed by drying the samples in electric oven at 50 o C to constant weight. The insoluble fraction content was determined gravimetrically.
Fourier Transformed Infrared spectroscopy, FTIR, analysis was carried out by Bruker Tensor TM 37 FTIR analyzer in the spectral region of 4000 -400 cm -1 with 0.5 cm -1 resolution to evaluate changes in the chemical composition of the composites.
Wide Angle X-ray Diffraction, WAXD, analysis was performed using DRON-4-07 diffractometer (Cu-K radiation, Ni filter, λ = 0.154 nm; 2Θ = 7-40 o ) and employed to determine the crystal structure and crystallinity of the TiO 2 component in the hybrids. The average crystallites size, D, and crystal lattice spacing (inter planar distance), d [37] were calculated.
